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Manchester metropolitan areas), whose numbers are increasing throughout Europe, to examine 22 accuracy of traceability information available to consumers. Despite the existence of thorough EU 23 labelling regulations, we unveil a high level of non-compliance, with a diverse range of poorly-24 known fish species, often sold without any label, or with erroneous information, as demonstrated 25 by DNA barcoding. Results indicate that about 41% of the samples were mislabelled, in stark 26 contrast with a recent study that, in 2015, found less than 5% mislabelling in EU supermarkets and 27 fishmongers. These results highlight that inspectors and governments might not be fully aware of 28 the wide diversity of fish species traded, indicating the need for a stronger enforcement of the EU 29 labelling legislations. Compliance with regulations is required not only to protect consumers, but 30 also fish stocks, as for many of the species identified in this survey, population assessment is poor 31 or lacking altogether. 32
Introduction 36
Global fish production has grown steadily in the last five decades, with fish food supply increasing 37 at an average annual rate of 3.2% (FAO, 2014) . World per capita fish consumption increased from 38 an average of 9.9 kg in the 1960s to 19.7 kg in 2013 with preliminary estimates for 2014 and 2015 39 pointing towards a further growth beyond 20 kg (FAO, 2016) . This remarkable development is 40 mainly a consequence of the global population growth expected to reach 9 billion people by 2050 41 (FAO, 2016) . The need to feed this increasing number of people asking for protein sources has 42 driven the rapid growth of the aquaculture sector, which, for the first time in 2014, overtook wild-43 caught fish production (FAO, 2016) . China has played a major role in this growth as it represents 44 more than 60 percent of world aquaculture production (FAO, 2016) .This notwithstanding, half of the seafood consumed by humans still depends on the capture of wild 46 organisms, which amounts to the vast majority of the 1,200 species commercialised in the 47 "retail type/product" saturation. Samples were collected in Asian and Afro-Caribbean food shops 99 located mainly in the China town areas of those cities or in Manchester's "Curry Mile" area. 100
Frozen fish samples ranging from fillets to the whole animal ( Fig.1) , were gathered between 101
October 2014 and December 2015, trying to maximise the diversity of fish on sale, and focusing on 102 those that did not use standard packaging (e.g. wrapped in a plastic bag, piled in a large freezer 103 with labels hand-written with marker pen, etc.). Samples included wild caught or farmed fish and 104 some were processed (e.g. dried or pre-cooked). 105
Once collected, samples were dissected in order to remove a little piece of tissue (from muscle or 106 from the caudal fin) suitable for the subsequent genetic analyses. 107
Tissues samples were placed into 2ml labelled tubes filled with 95% ethanol and stored at -20°C. 108
Details of each sample were collected, including place of purchase, species designation, standard 109 body length (without caudal fin), total length, sex (if the animal was not gutted) and a photograph. 110
Molecular analysis 111
Total DNA was extracted following the standard protocol of Estoup et al. (1996) , using Chelex ® 112 resin. Tubes containing DNA suspension were then stored at -20°C for long-term preservation. 113
The amplification of the partial COI gene was carried out using the FishF2 and FishR2 universal 114 primers described by Ward et al. (2005) . PCR reactions were performed in a total volume of 20 μl 115 following a protocol by Serra-Pereira et al. (2010) . Each amplification contained: 2 μl 10x reaction 116 buffer, 1 μl MgCl2 (50 mM), 0.2 μl of each primer (0.01 mM), 0.1 Units of DNA Taq Polymerase 117 (PROMEGA, Madison, WI, USA) and 0.4 μl dNTP (10 mM). PCR conditions entailed an initial 118 denaturating step at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 30 s, annealing at 119 52°C for 40 s and extension at 72°C for 1 min followed by a final extension at 72°C lasting 10 min. 120
If amplifications were unsuccessful with the FishF2 and FishR2 primers due to low DNA quality, 121 COI mini-barcode primers (mICOIlintF and jgHCO2198) were used following the protocol described 122
in Leray et al. (2013) . PCR products were visualized on 1% agarose gels with 6 μl of GelRed by 123 means of ultraviolet transilluminator. Amplicons were sequenced by Source BioscienceSequencing Service (Cambridge, UK) using the forward primer. Sequences quality was checked 125 by eye using the chromatogram visualization software BioEdit v7.2.5 (Hall, 1999) . Samples were 126 identified using two online databases, 1) the GenBank database (http://www.ncbi.nlm.nih.gov/) and 127
2) the Barcode of Life Data system (BOLD, http://boldsystems.org/; Ratnasingham & Hebert, 128 2007) . The "Public Record Barcode Database" was used in the latter case, where identification 129 was determined by sequence similarity to the reference dataset (Wong & Hanner, 2008) and 130 checked by "Tree based identification" (Costa et al., 2012) . 131
The BLAST platform allows the assignment of a DNA sequence to a species by means of 132 sequence comparison with database entries. However for an accurate identification, the E-value, 133
as an evidence of error probability, should go as far as possible to zero and the sequence match 134 should be ≥ 98% identity. 135
Lastly, in order to assess the reliability of the sequences, each matching sequence was aligned 136 with our unknown sequence using the Clustal W alignment algorithm in BioEdit. 137
Statistical analysis of the results present in this study show 95% confidence intervals for binomial 138 distribution and were carried out using MASS package (Venable & Ripley, 2002) provisions for fishery and aquaculture products marketed within the Community. These products, 144 irrespective of their origins, must be appropriately labelled at the point of the retail, reporting the 145 scientific name, the commercial designation, the production method (caught at sea or inland waters 146 or farmed), the catch area and the fishing gear used. 147
In order to confirm whether substitutions occurred within our dataset, the species IDs obtained via 148 molecular analysis were checked against the official DEFRA list of seafood product denominations samples, the mini-COI primers were used due to degraded tissues (Table 1) . 168
The search with the BOLD engine identified 37 samples to species level, 30 to the genus and 13 to 169 family level. All searches yielded matches that were within the 98% similarity to database records. 170
GenBank search provided 33 species-level sample identifications, 37 to genus and 11 to family 171 level. Only one sample sold as Croaker failed to reach the match through BOLD search, but was 172 identified with GenBank. 173
Twenty-eight (ca. 34% ) samples were identified as belonging to different families than the 174 ones indicated on their labels; four samples were identified as belonging to different genera and forSnapper, White Snapper), as sixteen samples out of seventeen were misrepresented (Fig.2) . DNA 178 barcoding revealed sequence match with Pagrus pagrus (3 samples), Pagellus erythrinus (2 179 samples) and Pagellus bellottii (1 sample), which all belong to the Sparidae family ('sea breams' or 180 'porgies') and 3 other samples were identified as Nemipterus japonicus (family: Nemipteridae, 181 'threadfin breams'). Following the guidelines set out by the UK government (DEFRA, 2013), only 182 species belonging to the Lutjianidae family may be labelled as 'snappers'. Four samples were 183 identified as redfish (Sebastes spp.), hence placed in a different order altogether 184 (Scorpaeniformes) ( Table 1 ). The Snapper sample sold under the common name of "Ruby 185
Snapper" and identified as belonging to the Lutjianidae family was considered mislabelled as, 186 according to UK designation list, this common name refers to the species Etelis carbunculus, a 187 species that did not appear in the search results of neither BOLD nor Genbank (Table 1) (common name carpenter seabream, Family: Sparidae) because when we asked to the seller for 192 more information he specified they were a kind of snapper. 193
Another common substitution observed here is for fish labelled as 'pomfret', which should belong to 194 the Brama, Pampus and Stromateus genera, but identified as a Trachinotus spp., whose official 195 accepted common name is 'pompano ' (DEFRA, 2013) . This substitution was found in each of the 196 six specimens sold under the common name of pomfret (Table 1 and Fig.2) . 197 Some samples, despite being incorrectly labelled, were not listed as mislabelled. A specimen sold 198 as 'jackfish' was genetically identified as Pseudocaranx dentex using both BOLD and Genbank. 199 Silver trevally, Toothed crevally or White trevally; yet 'Jackfish' is the term used in New Zealand; 202 moreover, the scientific name Pseudocaranx spp. is not on the official list of commercialdesignation of fish in the United Kingdom (DEFRA, 2013) and, as a consequence, we considered 204 the term jackfish as a fair attempt to describe the product. 205
Beside showing the mislabelling rate for frozen fish products, this study also illustrated the high fish 206 diversity that can be found in ethnic food shops. Overall, in a total of 88 fish, sampled over a period 207 of fourteen months, we found approximately thirty-seven species belonging to thirty-three different 208 genera, representing fifteen families and seven orders (see Fig. 3) . 209 210
Discussion 211
Labelling regulations are in place to ensure that seafood can be tracked throughout the supply 212 chain by providing clear and accurate information for the consumer. Despite the strict labelling 213 legislation implemented across the EU, and thus in the UK, a high rate of non-compliance was 214 unveiled in specialised markets, such as ethnic food stores. Our results echo other studies 215 performed in similar retail stores in Italy by Armani et al., (2015) and D'amico et al. (2014) which 216 albeit requiring future expansion in terms of sampling effort, already indicate a rather more 217 worrying state of things, compared to the mainstream EU retail sectors, such as supermarkets and 218 fishmongers (Mariani et al., 2015) . 219
Fish Species identification and mislabelling 220
Overall, seven samples resulted too degraded to yield quality reads. Fish products are highly 221 perishables and can quickly spoil compared to any other food, this result might indicate a lack of 222 care during post-harvest handling, processing, preservation, packaging, storage and transportation 223 practices, which may lead to a degree of product's quality degradation that could even be of 224 concern for consumer health. 225
Generally, the methodological approach applied in this study appears very robust to identify frozen 226 fish samples, as both BOLD and GenBank produced similar identification matches, albeit BOLD 227 searches had a slightly higher success rate in species-specific identification ( Oreochromis species, arising from incomplete lineage sorting, occasionally hybridization, or both 232 (Meyer et al., 2016; Hanner et al., 2011; Steinke et al. 2009 ). Inaccurate molecular IDs might also 233 be due to erroneous or limited reference sequences availability in the public databases (Shum et 234 al., in press). Although in these cases identification can only be made to a congeneric species 235 complex, this level of resolution was still sufficient to say whether or not the sample was 236
mislabelled. 237
Our results confirmed others studies (Warner et al., 2013; Cawthorn et al., 2012; Logan et al., 238 2008; Marko et al., 2004) where species sold as snapper were found to be among the most 239 vulnerable for substitutions; indeed only one sample was correctly labelled while the other sixteen 240 samples sold as snapper were mislabelled. These misrepresentations could be considered as an 241 intentional attempt of economic fraud where highly-value species are substituted for lower value 242 juvenile, white coloured fish = "small white snapper"; not processed, golden coloured fish = raw 247 golden pomfret; red coloured tilapia = red tilapia) ( Table 1 ). In any case these substitutions 248 invariably lead to misperception of species and stock abundance among consumers (Miller & 249
Mariani, 2010). For instance, Red Snapper (Lutjanus campechanus) from the Western Atlantic 250
Ocean began showing signs of stock depletion more than half a century ago (Anderson et al., 251 2015; Warner et al., 2013 , Cass-Calay et al., 2015 and nowadays is listed as a fully to 252 overexploited stock according to the General situation of world fish stocks (FAO). The misuse of 253 this widespread market name may drive consumers to a false sense of resource availability.
Unintentional fish species misrepresentations may occur when species involved in the substitution 255 are very similar, such is the case of pompano species sold as pomfret. According to the official list 256 of commercial designations (DEFRA, 2013), the fish species allowed to be sold under the common 257 name pomfret belong to Brama (Bramidae), Pampus and Stromateus genera (Stromateidae), while 258 our analyses identified all pomfret specimens as Trachinotus spp. (Carangidae) whose common 259 name should be pompano. These families and species look really similar to a non-expert, however 260 they have different distribution range, life cycle and biology. The most commercially common 261 species of Pomfret is Brama brama, a commercially valuable, oceanodromous and circumglobally 262 distributed fish species for which specific management actions are in place because of its highly 263 migratory behaviour. Brama brama stocks are protected in some coastal areas, whereas no 264 conservation plan or stock assessment is available for Trachinotus spp. which, however, appear 265 more popular on the market even if in disguise. 266 267
The world's oceans in a freezer: diversity of products 268 269
Within this large biodiversity that came to light, fourteen freshwater fish species were found: five 270 Oreochromis spp. from Africa (though this genus is farmed all over the world) and nine Asian 271 species mostly caught in the Chao Phraya and Mekong river basins which are among the longest 272 and most productive rivers in the world for inland fisheries. These Asian rivers host a rich and 273 diverse fish faunas including at least 328 different species living in the Mae Klong -Chao Phraya 274 watercourses and 500 species living in the Mekong (Kottelat et al., 2012) 
. Species such as 275
Pangasius bocourti, Clarias macrocephalus or Trichoodus pectoralis are jeopardized by habitat 276 loss and degradation, dam development and genetic contamination or competition with hybrids 277 created by the aquaculture industry for better performances (Baird et al., 2004; Baran et al., 2005; aquarium trade (Ng et al., 2010; Allen et al., 2011a , Allen et al., 2011b . It is really difficult to 281 estimate or assess the actual fishery pressure on these stocks as it occurs at both commercial and 282 artisanal fishery and most catches still remain largely unreported (Lymer et al., 2008; Coates, 283 2002; Welcomme et al., 2015) . areas (MPAs), the existing global MPA system is not large enough (Mouillot et al., 2016) or 291 adequately managed to protect fish species within coral reef communities. Overall, Newton et al. 292 (2007) reported that coral reef fisheries are currently taking catches that are 64% higher than can 293 be sustained. 294
Furthermore, some species in our dataset are amphidromous (Chanos chanos), anadromous 295 (Tenualosa ilisha) or migratory species (spending part of their life cycles in brackish 296 estuaries/sheltered lagoons) which obviously require a more integrated conservation plan that in 297 turn can promise more successful outcomes, while usually conservation actions include only one 298 environmental realm (marine or freshwater) because of logistical, institutional and political 299 constraints (Beger et al., 2010) . 300
According to the International Union for Conservation of Nature (IUCN) Red List, which assesses 301 the species extinction risk, 44% of the species detected are listed as "Least Concern" 302 status and 36% as "Not Evaluated" or "Data Deficient" status because they are not yet 303 been assessed (Table 1) . This means that -if the studied sample is a realistic representation of 304 global imports in the sector -more than half the fish species traded are either somewhat 305 endangered or lacking information on population status or stock heath. Catch statistics for thesemainly because of the lack of surveys. The risk for these poorly-monitored fish species is to be 308 neglected by conservation programs (Bland et al., 2015; Luiz et al., 2016) , which is in sharp 309 contrast to highly commercialized fish species such as tuna, herring, cod and Pollock (Barbeaux et 310 al., 2014; Andersson et al., 2009; Rose, 2004; Arrizabalaga et al., 2009 ) whose population status is 311 closely monitored through catch statistics and genetic monitoring. 312 Therefore, the consistent harvesting and trade of poorly known species, sold under 313 generic/incorrect names, may potentially deplete stocks or even threaten species existence, while 314 scientists, fisheries managers, consumers, etc. remain unaware of the situation. 315
The presence of poorly-monitored species on the UK market means that these species are not 316 only used as a food source by local communities, but that they are actually globally traded. Not all 317 the species collected during this survey are on the UK designation list and this might indicate that 318 their presence on the UK market is recent. Governments are obliged by EU laws to prevent illegal 319 trade of species and should enforce the correct label requirements (EC No 1379/2013) to protect 320 consumers and fish stocks at the same time. 321
The high level of mislabelling (41% [31-52] of samples) and even the complete lack of labels (18% 322
[10-26] of samples) in these stores suggests that a greater rate of control would be desirable, 323 especially because ethnic shops are becoming increasingly popular amongst European and UK 324
consumers. 325
This study highlights that regardless of the strict legislations in place throughout European 326 countries, a huge effort is still needed to monitoring less popular fish species sold in our markets. 327
The requirement of more accurate trade controls should not rely only on local economies within 328 third-countries, but should be the responsibility of global traders of fisheries products, whose 329 attention is increasingly shifting to new, emerging resources. D'Amico, P., Armani, A., Castigliego, L., Sheng, G., Gianfaldoni, D. and Guidi, A. (2014 
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